THE elimination of recombination can have a dramatic effect on the evolutionary trajectory of a genomic region. Without recombination, selection acts on linked genetic complexes rather than independent genetic elements. Theory predicts the accumulation of deleterious mutations and selfish genetic elements in the absence of recombinational purging and a reduced ability to fix adaptive mutations ([@bib13]; [@bib14]).

The genetic consequences of suppressed recombination have been best studied in the sex chromosomes of outcrossing eukaryotes, *e.g.*, plants, insects, and mammals, because the initial step in the formation of sex chromosomes is posited to be a cessation of recombination across a genomic region that includes the sex-determining locus ([@bib14]). The suppression of recombination across such a region will be selected for if it creates linkage between the sex-determining locus and other genes that are sexually antagonistic in that their functions are beneficial to only one of the sexes. The nonrecombining region can be formed from the spread of recombinational suppressors or structural changes to the chromosome that prevent synapsis. In either case, studies in mammals, birds, and plants have shown evidence that present-day nonrecombining regions are composed of multiple discrete blockage events that occurred at different time points in the evolutionary history of the taxon in question \[termed "evolutionary strata" by Lahn and Page 1999 ([@bib14])\].

Because large, nonrecombining, sex-linked regions appear to have evolved independently across a diverse array of taxonomic groups, comparing the evolution of such regions across disparate taxa will make it possible to understand the evolutionary events associated with their formation as well as the genomic consequences of suppressed recombination.

In several species of fungi, the properties of the chromosomal region surrounding the mating-type locus have been studied extensively because of their similarities to the sex chromosomes of other organisms ([@bib21], [@bib22]). The mating-type locus of *Cryptococcus neoformans* occurs within an ∼100-kb region where recombination is suppressed due to multiple chromosomal rearrangements ([@bib50]; [@bib24]). The evolutionary history of this region includes the accumulation of transposable elements as well as gene conversion, gene loss, and pseudogenization ([@bib23]; [@bib65]). The mating-type region of *Ustilago hordei* resides within a 500-kb region that is characterized by suppressed recombination and chromosomal rearrangements ([@bib49]) and the mating-type chromosomes of the fungus *Microbotryum violaceum* are heteromorphic and contain a region of suppressed recombination that has been roughly estimated to be 1000 kb in size ([@bib88]). DNA polymorphism within *M. violaceum* populations has been compared between the recombining and nonrecombining portions of the genome; however, nucleotide variation within the nonrecombining region did not stand out from the rest of the genome due to overall low levels of polymorphism and high linkage disequilibrium ([@bib89]), consistent with previous results showing that *M. violaceum* is predominantly selfing ([@bib28]).

The sex-determining locus of *Neurospora tetrasperma* (termed *mat*) is surrounded by a region of suppressed recombination that is ∼7-fold larger than that of *M. violaceum* and 70-fold larger than that of *C. neoformans* ([@bib61]). From the work presented here, we now know that it includes ∼2000 genes and spans a distance of ∼7.8 Mb, which represents 80% of the mating-type chromosome and approximately one-fifth of the *N. tetrasperma* genome. The formation of the region of suppressed recombination was part of a series of evolutionary events that allowed this species to become self-fertile and it is relatively young compared to most vertebrate sex chromosomes \[\< ∼4.5 MYA compared to ∼160 MYA for the XY system in marsupial and placental mammals ([@bib86]) and the ZW system in snakes ([@bib69]) and \>120 MYA for the ZW system in birds ([@bib56])\]. Due to the large size and recent origin of the nonrecombining region, *N. tetrasperma* has emerged as an important model for the study of early sex chromosome evolution ([@bib64]; [@bib26]; [@bib37]; [@bib61], [@bib63]) alongside other organisms with relatively young sex chromosomes such as medaka ([@bib43]), papaya ([@bib52]), and several species of *Drosophila* ([@bib14]; reviewed in [@bib22]).

Sex in *N. tetrasperma* is controlled by two mating-type idiomorphs, *mat a* and *mat A*. The majority of isolates collected from nature are heterokaryotic: haploid nuclei of opposite mating type can be found in a single fungal individual, allowing the individual to be self-fertile ([@bib74]). The maintenance of self-fertility via the packaging of two nuclei of opposite mating type into a single sexual spore is known as pseudohomothallism and is usually accompanied by strict regulation of recombination between the mating-type locus and the centromere. In *N. tetrasperma*, a crossover in this region during meiosis can result in two nuclei of the same, rather than opposite, mating type being packaged into the sexual spore, producing progeny that are not self-fertile ([@bib75]; [@bib64]; [@bib26]). The suppression of recombination in this region is therefore thought to have evolved to ensure the correct packaging of nuclei of opposite mating type into the sexual spore, thereby maintaining the heterokaryotic, self-fertile condition ([@bib64]; [@bib26]).

The only other pseudohomothallic ascomycete where recombination has been studied genetically is *Podospora anserina*, which, as a close relative, has mating-type genes that share homology and gene order with those of *Neurospora* ([@bib58]; [@bib75]; [@bib17]). This fungus exhibits a contrasting approach for regulating recombination between the mating-type locus and the centromere whereby a single obligate crossover occurs and additional crossovers are suppressed ([@bib58]). The mechanism by which this occurs is unknown but, as in *N. tetrasperma*, it acts to ensure the correct packaging of nuclei of opposite mating type into the sexual spore ([@bib75]).

In *N. tetrasperma*, the heterokaryon occasionally breaks down via the production of vegetative or sexual spores containing nuclei with only one of the two mating types ([@bib74]). The haploid, homokaryotic individual that grows from such a spore can mate with another homokaryotic individual of opposite mating type to restore the heterokaryotic condition ([@bib74]). Thus, the reproductive strategy of *N. tetrasperma* is likely to include repeated rounds of selfing with an occasional outcrossing event ([@bib72]). Repeated selfing within a heterokaryon is also supported by previous work showing that allelic differences between *mat a* and *mat A* nuclei were confined to the nonrecombining region of the mating chromosome ([@bib64]).

A considerable body of work has built upon the initial observations of [@bib32] that recombination was reduced on the *N. tetrasperma* mating-type chromosome. [@bib74] and [@bib75] determined the steps during ascus development that are required for correct packaging of *mat a* and *mat A* nuclei into a single ascospore. [@bib64] and [@bib26] confirmed that recombination is suppressed across the majority of the mating-type chromosome and Gallegos *et al.* visualized the nonrecombining interval as an anomalous unpaired region visible during pachytene. [@bib37] reciprocally introgressed mating-type chromosomes between *N*. *tetrasperma* and *N. crassa*. His results suggested that the *N. tetrasperma mat a* chromosome may be collinear with the *N. crassa mat A* chromosome while the *N. tetrasperma mat A* chromosome may be structurally rearranged. However, he also found evidence for the existence of genetic, rather than structural, modifiers of recombination and was unable to determine the relative contributions of these two phenomena with respect to the suppression of recombination in this region. More recently, [@bib61] sequenced 35 genes spanning the mating-type chromosome from each of the two *N. tetrasperma mat a* and *mat A* strains used in this study. On the basis of sequence divergence between these genes, the authors predicted the existence of two evolutionary strata: one large pericentric region encompassing most of the chromosome and another much smaller region distal to the *mat* locus. In two other studies, [@bib62] showed that *N. tetrasperma* is actually a species complex composed of nine genetically isolated lineages and found evidence of differences in the size of the nonrecombining region among these lineages ([@bib63]. Together, these results suggest that there may be important differences in the region of suppressed recombination around the mating-type locus among the different *N. tetrasperma* lineages ([@bib61], [@bib62], [@bib63]. [@bib90] and [@bib92] have investigated patterns of codon usage and nonsynonymous substitution within the region of suppressed recombination in another *N. tetrasperma* lineage (strain P4492, lineage 1), one different from the strain that was the main subject of [@bib37], [@bib61], and the work presented here (strain P581, lineage 6). They found evidence for relaxed purifying selection within this region in the form of substitutions from preferred to nonpreferred codons and, in a branch-specific analysis using PAML, a higher *d*~N~/*d*~S~ ratio along the *N. tetrasperma* branch for the genes in the nonrecombining region compared to their *N. crassa* and *N. discreta* orthologs. However, these analyses assume that the location and number of nonrecombining strata in their lineage of interest (lineage 1; see [@bib62] are the same as those reported for lineage 6 ([@bib61]), despite the previous evidence suggesting that these regions may have evolved independently ([@bib61], [@bib62], [@bib63]). While several other recent studies have investigated the molecular evolution of the strain we study here ([@bib68]; [@bib93]; reviewed in [@bib91]), none of these have examined the evolution and structure of the region of suppressed recombination in detail.

More than 40 years of genetic and cytological analyses involving *N. tetrasperma*, combined with the open question of the degree to which changes in chromosome structure are involved in the suppression of recombination, made this organism an ideal candidate for a genome sequencing project. This sequencing project was undertaken by the Joint Genome Institute and involved the sequencing and assembly of two genomes: the haploid *mat A* and *mat a* strains derived from a single heterokaryotic *N. tetrasperma* isolate. These are the same strains studied in [@bib37] and [@bib61] and here we use their genome assemblies to investigate the mechanisms of recombination suppression as well as the evolutionary consequences for the genes residing within the nonrecombining region. We find that the majority of the region of suppressed recombination is covered by several large chromosomal rearrangements. Additionally, we show that the young evolutionary stratum identified by [@bib61] is located in a region where the two mating chromosomes are collinear and identify an additional stratum, created by an inversion, on the opposite end of the chromosome. We propose a model for the sequence of events and mechanisms of rearrangement that produced the current orientation and show that the region of suppressed recombination within the *mat a* strain appears to be in the early stages of degeneration.

Materials and Methods {#s1}
=====================

Genome sequencing and assembly {#s2}
------------------------------

Both *N. tetrasperma* strains (FGSC 2508 *mat A* and FGSC 2509 *mat a*) were sequenced using a hybrid approach on Roche 454 pyrosequencing and Sanger platforms ([Supporting Information](http://www.genetics.org/content/suppl/2011/07/12/genetics.111.130690.DC1/130690_SI.pdf), [Table S3](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/6) and [Table S4](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/7)) and assembled with Newbler. The sequencing projects have been deposited in GenBank under accession nos. AFBT00000000 (*mat A*) and AFCY00000000 (*mat a*). The *N. tetrasperma mat A* assembly was postprocessed to close gaps *in silico* using JGI gapResolution software for the entire genome and targeted finishing for the mating-type chromosome. Statistics of both assemblies are summarized in [Table S2](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/5).

Genome annotation {#s3}
-----------------

Both *N. tetrasperma* assemblies were annotated using the JGI annotation pipeline with results deposited to the integrated fungal resource MycoCosm (<http://jgi.doe.gov/fungi>) for further analysis. Genome assembly scaffolds were masked using RepeatMasker ([@bib84]) and tRNAs were predicted using tRNAscan-SE ([@bib53]). Several gene predictors were used on the repeat-masked assembly: (i) *ab initio* FGENESH ([@bib80]) and GeneMark ([@bib35]), (ii) homology-based FGENESH+ and Genewise ([@bib8]) seeded by BLASTx alignments against GenBank's database of nonredundant proteins, and (iii) direct mapping of expressed sequence tag (EST)-derived full-length genes to genome assembly. Genewise models were extended where possible, using scaffold data to find start and stop codons. EST BLAT alignments ([@bib41]) were used to extend, verify, and complete the predicted gene models. From the resulting set of models, a nonredundant representative set of best models was selected ([Table S6](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/9)).

All predicted gene models were functionally annotated using SignalP ([@bib67]); TMHMM ([@bib60]); InterProScan ([@bib95]); BLASTp ([@bib1]) against nr; and hardware-accelerated double-affine Smith--Waterman alignments (deCypherSW; <http://www.timelogic.com/catalog/758/decyphersw>) against SwissProt ([@bib9]), KEGG ([@bib39]), and KOG ([@bib44]). KEGG hits were used to assign EC numbers ([@bib27]), and Interpro and SwissProt hits were used to map GO terms ([@bib3]). Multigene families were predicted with the Markov clustering algorithm (MCL) ([@bib20]) to cluster the proteins, using BLASTp alignment scores between proteins as a similarity metric.

ESTs {#s4}
----

*N. tetrasperma* FGSC 2508 was grown in Vogel's liquid media ([@bib87]) and total RNA was extracted by bead-beating in TRIzol (Invitrogen Life Science Technologies, Carlsbad, CA) with zirconia/silica beads (0.2 g, 0.5-mm diameter; Biospec Products). ESTs were sequenced using 454 pyrosequencing. The sequencing library protocol and sequence processing procedure are described in [@bib85].

Genome synteny {#s5}
--------------

Whole-genome synteny was assessed between the two *N. tetrasperma* strains as well as between each *N. tetrasperma* strain and the outgroup *N. crassa*. Dotplots were created using the program MUMMER ([@bib45]) to visualize synteny while more precise identification of rearrangement breakpoints was achieved using a combination of whole-genome orthology map construction with Mercator and whole-genome alignment with MAVID ([@bib18]).

Identification of orthologs {#s6}
---------------------------

Orthologs between the two *N. tetrasperma* strains as well as those between each *N. tetrasperma* strain and *N. crassa* were initially identified on the basis of best-reciprocal-BLAST hits and further verified using synteny information from Mercator. This procedure resulted in the identification of a total of 7693 single-copy orthologs between the three species.

Calculation of nonsynonymous and synonymous substitutions per site (*K*~a~ and *K*~s~ ) {#s7}
---------------------------------------------------------------------------------------

*K*~a~/*K*~s~ ratios were calculated for each pair of orthologs between the two *N. tetrasperma* strains as well as between each *N. tetrasperma* strain and the outgroup *N. crassa*, using the modified Yang--Nielsen method in the program KaKs_Calculator ([@bib96]). It has previously been shown that the way in which the total number of synonymous sites are counted can bias the calculation of *K*~s~ ([@bib7]). For this reason, we also calculated the *K*~a~ and *K*~s~ values for all pairwise orthologs as in [@bib7] using only fourfold degenerate sites for *K*~s~ and the physical site definition for both *K*~a~ and *K*~s~ and found similar results ([Figure S2](http://www.genetics.org/content/suppl/2011/07/12/genetics.111.130690.DC1/FigureS2.pdf)). For consistency, all *K*~s~ results reported here are from the modified Yang--Nielsen method in the program KaKs_Calculator.

Identification of pseudogenes {#s8}
-----------------------------

We used the tfasty program within the FASTA sequence comparison package ([@bib70]) to perform translated searches (allowing for frameshifts and premature stop codons) against the *N. tetrasperma* genome sequence. As queries, we used the subset of *N. crassa* proteins from within the genomic region of suppressed recombination for which we were unable to find *N. tetrasperma* orthologs. We used a custom Perl script to parse the results to identify matches that showed frameshifts and/or nonsense mutations. We additionally extracted the genomic sequence for candidate pseudogenes and used the program Exonerate ([@bib82]) to create genomic DNA/protein sequence alignments to confirm the presence of nonsense mutations or frameshifts.

Codon adaptation index {#s9}
----------------------

We used the *N. tetrasperma mat A* ESTs and *N. crassa* Illumina RNA-Seq data ([@bib19]) to identify the top 100 most highly expressed genes in each species. We used these genes to compute codon usage tables for each species using the *cusp* application in the EMBOSS package ([@bib77]). We then used the EMBOSS application *cai* to calculate the codon adaptation index for each *N. tetrasperma* and *N. crassa* gene. All codon adaptation index (CAI) analyses were performed twice, once with the *N. tetrasperma* codon usage table and once with the *N. crassa* codon usage table. The results were equivalent in all cases and the reported *P*-values are those from the *N. crassa* codon usage table. We defined substitutions to preferred codons as a change to a synonymous codon whose frequency of usage in the top 100 most highly expressed genes was at least 10-fold greater than that of the ancestral codon. Similarly, we defined substitutions to unpreferred codons as a change to a synonymous codon whose frequency of usage in the top 100 most highly expressed genes was at least 10-fold less than that of the ancestral codon.

Repetitive elements {#s10}
-------------------

Repetitive elements were identified *de novo* using the program RepeatModeler ([@bib83]). The results of RepeatModeler were added to a fungal-specific repeat library downloaded from RepBase ([@bib38]) and repetitive elements were identified on the basis of sequence homology using this library and the program RepeatMasker ([@bib84]). Centromeric regions in Neurospora can be easily identified because they are composed almost entirely of transposable element remnants. The numbers of repetitive elements per kilobase for the chromosomal segment within the *N. tetrasperma* nonrecombining region and in the homologous region in *N. crassa* were calculated after excluding centromeric regions so that these measures would not be confounded by differences between assemblies in the number of gaps in these repeat-dense regions.

Repeat-induced point mutation index {#s11}
-----------------------------------

Repeat-induced point mutation (RIP) indexes were calculated for 500-bp sliding windows across the genome for both *N. tetrasperma* strains, using a custom Perl script and the composite index described in [@bib51].

Permutation tests {#s12}
-----------------

### CAI and *K*~a~: {#s13}

This test was performed on both *N. tetrasperma* strains separately. Twenty-six genes (the number of genes within the relocated region) were drawn randomly from the set of all genes within the nonrecombining region. Each gene's CAI was subtracted from that of its ortholog in *N. crassa* and the median of the differences was calculated for the random sample and compared to that of the real data (*i.e.*, the genes within the relocated region). This procedure was repeated 10,000 times and the *P*-value was calculated as the proportion of random samples (of the 10,000 permutations) that had a value greater than that of the real data.

*K*~a~ permutation tests were performed similarly except the median *K*~a~ of randomly sampled *N. tetrasperma mat A* and *mat a* ortholog pairs was compared to that of the genes within the relocated region.

Transposon enrichment {#s14}
---------------------

We compared each *N. tetrasperma* strain separately to *N. crassa*. We took the total number of transposons within each genome and shuffled their locations. We then counted the number of shuffled transposons that landed within the boundaries of the nonrecombining region in *N. tetrasperma* and within the homologous region in *N. crassa*. We subtracted the *N. crassa* sum from the *N. tetrasperma* sum and compared this difference to the true difference. The *P*-value was calculated as the proportion of permutations (of 10,000 total) where the permuted difference was larger than the true difference.

All permutation tests were performed using custom Perl scripts.

Results {#s15}
=======

Chromosomal rearrangements {#s16}
--------------------------

To determine whether chromosomal rearrangements could be responsible for the suppression of recombination, we created a whole-genome alignment between the *mat a* and *mat A* strains of *N. tetrasperma* as well as between each *N. tetrasperma* strain and the outgroup species *N. crassa*. We visualized large-scale synteny between these pairs using dotplots ([Figure 1](#fig1){ref-type="fig"}). Synteny is strongly conserved across all genome pairs, with the exception of those involving the *N. tetrasperma mat A* mating-type chromosome. Knowing that the *N. tetrasperma mat a* mating-type chromosome is collinear with that of *N. crassa*, we concluded that a series of chromosomal rearrangements had occurred on the *N. tetrasperma mat A* chromosome.

![Whole-genome synteny between *N. tetrasperma* strains and *N. crassa*. (A) *N. tetrasperma mat A* compared to *N. tetrasperma mat a*; (B) *N. tetrasperma mat A* compared to *N. crassa*; (C) *N. tetrasperma mat a* compared to *N. crassa*. The mating-type chromosome (chromosome I) is rearranged in the *N. tetrasperma mat A* strain compared to both *N. tetrasperma mat a* and *N. crassa*. Alignments occurring between positive strands are in red while those occurring between opposite strands are in blue and indicate inversions.](55fig1){#fig1}

Focusing on the mating-type chromosome and the comparison between the two *N. tetrasperma* strains, we found that there have been two large inversions (∼5.3 and 1.2 Mb), a smaller inversion (68 kb), and an apparent translocation of an ∼143-kb segment from one end of the chromosome to the other ([Table 1](#t1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}). Consistent with previous cytological data, the mating-type chromosome ends are collinear and the rearrangements encompass contiguous regions within the central portion of the chromosome; however, none of the rearrangement events include the *mat* locus itself. We propose that the evolution of the *mat A* chromosome can be explained by two overlapping inversions that, together, resulted in the movement of the 143-kb segment from one end of the chromosome to the other ([Figure 2](#fig2){ref-type="fig"}). We therefore hereafter refer to this segment as the "relocated" region. The alternative explanation for this movement, that a 143-kb genomic segment was excised from one end of the *mat* chromosome and reinserted into the other, appears less likely for reasons explained below.

###### Summary of the *N. tetrasperma* mating chromosome regions

  Chromosomal region      Size (kb)   Single-copy orthologs
  ----------------------- ----------- -----------------------
  Recombining left arm    930         198
  *mat* distal block      850         166
  *mat* proximal block    218         29
  Relocated region        143         26
  5.3-Mb inversion        5300        972
  1.2-Mb inversion        1200        245
  68-kb inversion         68          11
  Recombining right arm   728         128

The approximate size of each chromosomal region and number of single-copy orthologs are listed for the eight segments of the *N. tetrasperma* mating chromosome that are discussed in this study.

![Model of the evolution of the *N. tetrasperma mat A* mating-type chromosome. The order of rearrangement events is shown in A and begins with the ancestral *mat A* chromosome (1) which was collinear with *mat a* and the mating-type chromosome of *N. crassa*. The 1.2-Mb inversion occurred first and produced the orientation in 2. This event was followed relatively quickly by the 5.3-Mb inversion (3). The 68-kb inversion, shown as the line at the far right of B, occurred much later to produce the current arrangement of the *mat A* chromosome (B). The 1.2-Mb inversion (breakpoints shown in red) is flanked by unique 50-bp duplications (D) that would have been in an inverted orientation before the occurrence of the large inversion, consistent with rearrangement via staggered single-strand breaks. The 5.3-Mb inversion (breakpoints shown in blue) is flanked by *Mariner* transposable elements (M), consistent with rearrangement via ectopic recombination. *Mariner* remnants were not present in either of the homologous regions in the *mat a* chromosome. The overlapping nature of these two inversions explains the relocated genomic region. The 68-kb inversion is flanked by a microsatellite containing, low-complexity sequence and may have occurred due to ectopic recombination between blocks of microhomology. MAT denotes the location of the mating-type locus while CEN shows the location of the centromere.](55fig2){#fig2}

Mechanisms of rearrangement {#s17}
---------------------------

Ectopic recombination between transposable elements is generally believed to be a common mechanism for the generation of chromosomal inversions ([@bib11]) and its role in creating chromosomal rearrangements has been experimentally verified in yeast ([@bib2]). However, a study by [@bib76] found no evidence for ectopic recombination in the majority of fixed inversions between species within the *Drosophila melanogaster* group. Instead, the authors found short duplications of nonrepetitive sequence at the breakpoints of most of the inversions they identified and proposed a novel mechanism for the generation of inversions involving staggered single-strand breaks followed by nonhomologous end joining.

We compared the two breakpoints associated with each inversion shown in our model to determine whether there was evidence for either ectopic recombination via transposable elements or the staggered break model of [@bib76]. Interestingly, we find evidence for both types of rearrangement mechanisms, adding credence to the novel mechanism proposed by Ranz *et al.* while also supporting the notion that ectopic recombination is a common mechanism underlying chromosomal rearrangements. It is important to note that there is another class of rearrangement mechanisms that occur in slipped, stalled, or collapsed DNA replication forks. These mechanisms include serial replication slippage ([@bib15]), microhomology-mediated break-induced replication (MMBIR) ([@bib30]), and fork stalling and template switching (FoSTeS) ([@bib48]). We cannot eliminate the possibility that such mechanisms created the rearrangements we observe in *N. tetrasperma*. However, previously described rearrangements that have been associated with these mechanisms showed a complex combination of double or triple deletions, insertions, and inversions ([@bib55]), which are not seen here.

At the breakpoints of the 1.2-Mb inversion, we find in *mat A* a short duplication of a 50-bp segment that is unique in the *N. tetrasperma mat a* genome. The orientation of this duplication is consistent with those found in *Drosophila* ([@bib76]) and with our model of the rearrangement events. In *N. tetrasperma*, after the 1.2-Mb inversion, the duplicated segments would have been in an inverted orientation as in *Drosophila* ([@bib76]). The subsequent 5.3-Mb inversion, which contained the left duplication, would have then returned the leftmost duplication to the same orientation as the right duplication ([Figure 2](#fig2){ref-type="fig"}).

The 5.3-Mb inversion is flanked by inverted *Mariner* transposable elements. The amino acid sequences of the transposase ORFs of the two elements are ∼28% identical and ∼59% similar to that of the *Pogo* family Mariner-3_AN from *Aspergillus nidulans* ([@bib40]). Both transposase ORFs have multiple stop codons, suggesting that they are no longer active.

These sequence features also support the inclusion of the relocated region within both inversions, providing additional support for our model of how this region moved from one end of the chromosome to the other ([Figure 2](#fig2){ref-type="fig"}). We found no such sequence features supporting the alternative model, in which the inversions occurred independently from the relocation.

The small 68-kb inversion could also have resulted from ectopic recombination. Although the sequences located at the breakpoints of this inversion have no homology to any known transposable elements, both flanks contain several microsatellite regions and regions of low sequence complexity, creating several short blocks of microhomology that could facilitate ectopic recombination.

Relative ages of rearrangement events {#s18}
-------------------------------------

We used the whole-genome alignment between the two *N. tetrasperma* strains to locate 192,225 nucleotide differences between them, \>99% (190,728) of which are located within the boundaries of the nonrecombining region on the mating-type chromosome. These two strains are homokaryons that were derived from a single heterokaryotic strain. The lack of nucleotide differences across most of the genome is most likely due to repeated inbreeding of the self-fertile heterokaryotic strain ([@bib64]).

If nucleotide differences have accumulated on the mating-type chromosome because of recombination suppression, the number of neutral differences should be proportional to the amount of time since the formation of the nonrecombining region. If the rearrangement events that we observed occurred at different evolutionary time points, they should have different levels of neutral nucleotide divergence with the oldest event being the most divergent.

As a measure of neutral divergence between the two *N. tetrasperma* strains, we calculated the number of synonymous substitutions per site (*K*~s~) for each gene within each rearrangement event ([Figure 3](#fig3){ref-type="fig"}). The large 5.3-Mb inversion was the rearrangement event that allowed *N. tetrasperma* to become self-fertile by suppressing recombination along the majority of the chromosomal region between the *mat* locus and the centromere. We have therefore compared the distribution of *K*~s~ values for genes within the large inversion to those distributions for each of the other rearrangement events.

![Relative ages of rearrangement events. The bottom panel shows the two *N. tetrasperma* mating-type chromosomes with lines connecting pairs of orthologous genes. The top panel shows the distribution of synonymous substitutions per site (*K*~s~) between ortholog pairs for chromosomal regions that have been rearranged and for two other chromosomal segments that are collinear between the two *N. tetrasperma* strains but have sequence divergence: an 850-kb segment distal to the *mat* locus and a 218-kb segment proximal to the *mat* locus. The amount of synonymous sequence divergence between orthologs within a given rearrangement event will be proportional to the amount of time since the event occurred. Using the 5.3-Mb inversion as a point of reference, the genes within the relocated region have a distribution of *K*~s~ values that is significantly larger, while the genes within the *mat* distal unknown block and small 68-kb inversion both have *K*~s~ distributions that are significantly smaller (Bonferroni-corrected MWU test: *P* = 4.33*e*-06, *P* = 1.1*e*-15, and *P* = 4.4*e*-05, respectively). The letters A--H denote the chromosomal regions that are referred to in the main text: A, recombining left arm; B, *mat* distal block; C, *mat* proximal block; D, 143-kb relocated region; E, 5.3-Mb inversion; F, 1.2-Mb inversion; G, 68-kb inversion; H, recombining right arm.](55fig3){#fig3}

We found no significant difference between *K*~s~ values for the 5.3-Mb inversion and the 1.2-Mb inversion, nor is there a significant difference between *K*~s~ values for the 5.3-Mb inversion and the *mat* proximal block (the 218-kb chromosomal region between the *mat* locus and the leftmost rearrangement event; see [Figure 3](#fig3){ref-type="fig"}), suggesting that the suppression of recombination in the 5.3-Mb and 1.2-Mb inversions occurred at the same evolutionary time and that these inversions also suppressed recombination in the *mat* proximal block (Bonferroni-corrected Mann-Whitney U (MWU) tests: *P* = 0.6 and *P* = 1, respectively; [Figure 3](#fig3){ref-type="fig"}).

We found two chromosomal regions whose *K*~s~ values were much smaller compared to those from the 5.3-Mb inversion: the *mat* distal block (the 850-kb chromosomal region between the recombining left chromosome arm and the *mat* locus; see [Figure 3](#fig3){ref-type="fig"}) and the 68-kb inversion (Bonferroni-corrected MWU tests: *P* = 1.1*e*-15 and *P* = 4.4*e*-05, respectively; [Figure 3](#fig3){ref-type="fig"}). The suppression of recombination in these regions most likely occurred after the rearrangement event that created the large inversion.

Surprisingly and counter to our model of the order of rearrangement events, we found that the *K*~s~ values for genes within the relocated region were much larger than those for genes within the 5.3-Mb inversion (Bonferroni-corrected Mann-Whitney U (MWU) test: *P* = 4.33*e*-06; [Figure 3](#fig3){ref-type="fig"}). One interpretation of this result is that recombination was suppressed in this region much earlier than that in the 5.3-Mb inversion. The median *K*~s~ values between the *N. tetrasperma mat A* and *mat a* strains for the genes within the relocated region are ∼2.7 times greater than those for the next most divergent regions. If the substitution rate was the same between these chromosomal regions, the suppression of recombination within the relocated region would have had to occur at an evolutionary time point that was more than twofold earlier than the other rearrangement events. However, the divergence between *N. tetrasperma mat A* and its close relative *N. crassa* is only ∼1.3-fold greater than the divergence between the two *N. tetrasperma* strains (median *K*~s~ between *N. tetrasperma* and *N. crassa* for genes within the 5.3- and 1.2-Mb inversions, 0.070; median *K*~s~ for the same genes between the *N. tetrasperma* strains, 0.054). This sequence of events would place the time point of the relocation well before the divergence of the species. Given that only one of the species now exhibits the relocation, this scenario is very unlikely.

Investigating the large sequence divergence of the relocated region {#s19}
-------------------------------------------------------------------

The alternative interpretation for the large sequence divergence of the relocated region is that it has been experiencing an elevated substitution rate relative to the rest of the nonrecombining region. However, because we used only synonymous codon positions to calculate divergence, the elevated rate of substitution would have to pertain to nucleotide substitutions that did not change the amino acid, rather than an elevated rate of protein evolution. One possibility is that the elevated synonymous substitution rate is due to relaxed selection for codon usage. Another is that some of the annotated genes within this region are actually pseudogenes and thus, because they are completely unconstrained by purifying selection, are accumulating nucleotide substitutions at a faster rate than synonymous positions. To address the possibility that the divergence measures for this region are biased by pseudogenes, we repeated the analysis on a subset of genes from the region for which we had evidence of expression from the *mat A* ESTs. The increased divergence was also present in the subset of genes showing evidence of expression, suggesting that the potential inclusion of pseudogenes in our analysis was not responsible for the increased divergence we observed. Obviously, such a filter is not infallible because a minority of pseudogenes have been shown to be transcribed on the basis of profiling of mRNA/ESTs from a variety of organisms \[between 2% and 15% of pseudogenes studied in rice ([@bib99]), *Arabidopsis* ([@bib99]), humans ([@bib97]), and yeast ([@bib46])\]. Assuming Neurospora also follows this general pattern, such a filter, although incomplete, would nevertheless eliminate the majority of pseudogenes from this region.

To test the hypothesis that relaxed selection for codon usage is occurring in the relocated region, we calculated the codon usage in the 100 most highly expressed genes in *N. crassa*. We used these values to calculate the CAI for each one-to-one ortholog between *N. crassa* and the two *N. tetrasperma* strains. CAI values range from 0 to 1 with higher values indicating more codon usage bias ([@bib81]). To control for any bias resulting from using *N. crassa* highly expressed genes to identify favored codons, we repeated this analysis with codon usage information gleaned from the 100 most highly expressed genes in *N. tetrasperma mat A* (as determined by EST coverage) and obtained similar results ([Figure S1](http://www.genetics.org/content/suppl/2011/07/12/genetics.111.130690.DC1/FigureS1.pdf)).

We compared the CAI values for genes from each *N. tetrasperma* strain to their ortholog in *N. crassa*. We found that the genes within the chromosomal region that was relocated in *N. tetrasperma mat A* have a median CAI that is lower than that of their *N. crassa* orthologs (one-sided permutation test: *N. tetrasperma mat A*, *P* = 0.0016; using only the subset of genes with ESTs, *P* = 0.0023) ([Figure 4](#fig4){ref-type="fig"}). This situation is not seen for the other rearrangement events; to the contrary, the genes within the 68-kb inversion appear to be evolving higher codon usage bias in both *N. tetrasperma* strains \[one-sided permutation test: *P* = 0.026 (*mat A*), *P* = 0.003 (*mat a*); [Figure 4](#fig4){ref-type="fig"}\]. Across the 7693 ortholog pairs that we identified in the *N. tetrasperma* and *N. crassa* genome comparisons, we found slightly more pairs where the *N. crassa* ortholog had a larger CAI value, for both *N. tetrasperma* mating types \[one-sided binomial test: *P* = 0.0001 (*mat A*), *P* = 4.871*e*-08 (*mat a*); [Table 2](#t2){ref-type="table"}\].

![Relaxed selection for codon usage in the *N. tetrasperma mat A* genes within the relocated region. The CAI is a measure of codon usage bias and the difference between the *N. crassa* CAI and those from each *N. tetrasperma* strain was calculated for every set of three-way orthologs. The genes within the *N. tetrasperma mat A* relocated region appear to be evolving reduced codon usage bias (one-sided permutation test: *P* = 0.0016) while the genes within the small inversion appear to be evolving increased codon usage bias \[one-sided permutation test: *P* = 0.026 (*mat A*), *P* = 0.003 (*mat a*)\]. Outliers are not shown.](55fig4){#fig4}

###### Genome-wide comparison of codon usage between *N. crassa* and *N. tetrasperma*

  *N. tetrasperma*   Nc CAI \> Nt CAI   Nc CAI \< Nt CAI   Nc CAI = Nt CAI
  ------------------ ------------------ ------------------ -----------------
  *mat A*            3844               3531               318
  *mat a*            3905               3447               341

The codon adaptation index (CAI) was compared for ortholog pairs between each *N. tetrasperma* mating type and *N. crassa*. The *N. crassa* gene has a larger CAI value than its *N. tetrasperma* ortholog in more comparisons than expected by chance \[one-sided binomial test: *P* = 0.0001 (*mat A*), *P* = 4.871*e*-08 (*mat a*)\]. Nc, *N. crassa*; Nt, *N. tetrasperma*.

Given that most amino acid-changing mutations are likely to be deleterious, it is reasonable to expect that relaxed selection across a genomic region would result in an increase in the number of nonsynonymous substitutions per site (*K*~a~). To minimize inflation of *K*~a~ due to the inclusion of pseudogenes or misannotated genes in the analysis, we used only genes that had evidence of expression in the form of ESTs.

We found that the genes located within the relocated region of the *N. tetrasperma mat A* strain as well as their orthologs in *N. tetrasperma mat a* both have a median *K*~a~ that is greater than that of the nonrecombining region as a whole (one-sided permutation test: *N. tetrasperma mat A*, *P* = 0.005; *N. tetrasperma mat a*, *P* = 0.013; [Figure 5](#fig5){ref-type="fig"}). Together, the elevated *K*~a~ and the reduced CAI of the genes in the relocated region suggest that it has experienced reduced purifying selection in the *N. tetrasperma* lineage since its divergence from *N. crassa*.

![Increased nonsynonymous divergence in the *N. tetrasperma mat A* and *mat a* genes within the relocated region. The numbers of nonsynonymous substitutions per site (*K*~a~) between *N. tetrasperma mat A* and *mat a* orthologs within the relocated region are significantly larger than those values for the entire nonrecombining region \[one-sided permutation test: *P* = 0.005 (*mat A*), *P* = 0.013 (*mat a*)\]. Although *K*~a~ is larger for these genes, no gene has a *K*~a~/*K*~s~ ratio significantly greater than one, implying that the increased *K*~a~ is due to the accumulation of slightly deleterious amino acid substitutions rather than adaptive evolution. Outliers are not shown.](55fig5){#fig5}

Evidence for asymmetrical degeneration within the nonrecombining region {#s20}
-----------------------------------------------------------------------

The origin of the *N. tetrasperma* region of suppressed recombination is ∼37 times younger than that of the XY sex chromosomes of marsupial and placental mammals (∼4.5 MYA *vs.* ∼166 MYA) ([@bib86]). Unlike mammals, it is possible for a functionally diploid (heterokaryotic) *N. tetrasperma* individual to become haploid (homokaryotic). These haploid individuals grow and reproduce via mitotic spores in the laboratory and there is evidence of outcrossing between them in the wild ([@bib62]; [@bib72]). These observations suggest that there should be selection to maintain the function of both copies of the sex-linked genes and one would therefore expect the nonrecombining regions to be maintained intact. However, the two strains that we examine here are almost identical across their genomes except for the nonrecombining region, implying a long history of inbreeding, and previous studies have observed high instances of sexual dysfunction when *N. tetrasperma* strains are outcrossed in the laboratory ([@bib36]; [@bib79]). These results suggest that the degree of outcrossing in nature may be limited, in which case selection against degeneration within the nonrecombining regions of both mating types may be reduced.

One signal of degeneration that has been found previously in *N. tetrasperma* ([@bib90]; [@bib92]), as well as in regions of reduced recombination in many other organisms ([@bib42]; [@bib5]; [@bib4]; [@bib52]; [@bib71]; [@bib66]; [@bib73]; [@bib29]; [@bib57]; [@bib98]; [@bib6]), is the accumulation of deleterious alleles. The elimination of recombination across a genomic region will, in essence, lower the effective population size of that region, making fixation more likely for slightly deleterious mutations and less likely for slightly beneficial ones. Given that most amino acid-changing substitutions are deleterious, suppression of recombination should result in an increased proportion of nonsynonymous substitutions compared to synonymous substitutions (*K*~a~/*K*~s~) across the nonrecombining region ([@bib13]).

The previous results from a different lineage within the *N. tetrasperma* species complex found a higher *K*~a~/*K*~s~ ratio for a set of *N. tetrasperma* genes located within the nonrecombining region but not for a set of genes from outside of this region, consistent with the genes within the nonrecombining region being under relaxed purifying selection ([@bib90]; [@bib92]). To determine whether there is evidence supporting this prediction for the genes within the nonrecombining region of this *N. tetrasperma* lineage, we calculated *K*~a~ and *K*~s~ for all ortholog pairs between each *N. tetrasperma* strain and *N. crassa* and compared the *K*~a~/*K*~s~ ratios for the genes within the nonrecombining region to those for the genes outside it.

Consistent with the prediction of [@bib13] and the previous results from another *N. tetrasperma* lineage ([@bib90]; [@bib92]), we found that the genes within the nonrecombining region of the *mat a* strain have a significantly higher median *K*~a~/*K*~s~ ratio than the genes outside of the nonrecombining region, but this pattern did not hold for the genes from the *mat A* strain (MWU test: *P* = 0.001 and *P* = 0.6, respectively; [Figure 6](#fig6){ref-type="fig"} and [Figure S2](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/3)). One explanation for this is that the *mat a* region may be accumulating deleterious alleles at a faster rate than the *mat A* region. To further explore this possibility, we compared the accumulation of deleterious mutations within the nonrecombining region in the form of pseudogenes, codon usage, and nonsynonymous substitutions between the two *N. tetrasperma* mating types. For the pseudogene analysis, we identified candidate pseudogenes from the set of *N. crassa* predicted proteins for which we were unable to find an ortholog in the *N. tetrasperma* set of predicted peptides. Confidently identifying pseudogenes can be difficult because misannotations in the *N. crassa* genome that incorrectly identify start sites or incorrectly predict ORFs that are not actually transcribed can make the homologous region in *N. tetrasperma* appear to be a pseudogene. For these reasons, we required a candidate pseudogene in *N. tetrasperma* to have either a frameshift or a nonsense mutation, full-length homology to functional genes in both *N. crassa* and *N. discreta*, and evidence of expression in *N. crassa*. Applying these conservative criteria, we found a total of 10 candidate pseudogenes: 2 with nonsense and/or frameshift mutations in both *N. tetrasperma* genomes, 5 with such mutations only in the *N. tetrasperma mat a* genome, and 3 appearing only in the *N. tetrasperma mat A* genome ([Table S1](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/4)). While it is notable that we observed more pseudogenes on the *mat a* chromosome compared to *mat A*, the sample size (10 pseudogenes in total) is not large enough to confidently conclude that this represents evidence of asymmetrical degeneration.

![Reduced efficiency of selection in the *mat a* nonrecombining region. The ratio of nonsynonymous substitutions per site (*K*~a~) to synonymous substitutions per site (*K*~s~) was calculated for every pair of orthologs between each *N. tetrasperma* strain and *N. crassa*. The distribution of *K*~a~/*K*~s~ ratios was compared for genes inside of and outside of the nonrecombining region. Consistent with the evidence in [Fig. 7](#fig7){ref-type="fig"}, genes within the region of suppressed recombination in the *mat a* strain, but not in the *mat A* strain, have significantly larger *K*~a~/*K*~s~ ratios than those outside of the nonrecombining region (MWU test: *P* = 0.001 and *P* = 0.6, respectively). Outliers are not shown.](55fig6){#fig6}

As an additional approach to assess evidence of asymmetrical degeneration in one of the two *N. tetrasperma* sex-linked regions, we used *N. crassa* as an outgroup to assign the nucleotide substitutions that we identified within the nonrecombining region to one of the two *N. tetrasperma* lineages. After normalizing by the total number of nucleotide substitutions, we compared the frequencies of each nonsynonymous substitution (at the codon level) between the two *N. tetrasperma* strains and found that nonsynonymous substitutions have occurred at higher frequencies on the *N. tetrasperma mat a* lineage (one-sided, paired MWU test: *P* = 2.749*e*-15; [Figure 7A](#fig7){ref-type="fig"}), suggesting that the *N. tetrasperma mat a* strain may be accumulating deleterious substitutions at a higher rate than the *mat A* strain.

![Evidence that the *N. tetrasperma mat a* mating-type chromosome may be in the early stages of degeneration. Nucleotide substitutions occurring within the nonrecombining region were assigned to either the *N. tetrasperma mat A* or *mat a* lineage depending upon which allele was present in *N. crassa*. Examination of this set of polarized substitutions showed that nonsynonymous substitutions have occurred at higher frequencies in the *N. tetrasperma mat a* lineage compared to *mat A* (one-sided, paired MWU test: *P* = 2.749*e*-15). In addition, examination of the set of polarized synonymous substitutions showed that, in the *N. tetrasperma mat a* lineage, preferred substitutions have occurred at significantly lower frequencies and there is a trend toward significance with respect to unpreferred substitutions having occurred at higher frequencies, compared to the *mat A* strain (one-sided, paired MWU test: preferred, *P* = 0.039; unpreferred, *P* = 0.072). Preferred substitutions were defined as a change to a synonymous codon whose frequency of usage in the top 100 most highly expressed genes in *N. crassa* is at least 10-fold larger than that of the ancestral codon while unpreferred substitutions were defined as the opposite (the usage frequency of the derived codon is at least 10-fold smaller than that of the ancestral codon).](55fig7){#fig7}

We also used the codon usage table mentioned previously to identify synonymous changes involving the substitution of a more preferred codon to a less preferred codon and vice versa. After normalizing by the total number of synonymous substitutions within each lineage, we found a tendency for substitutions in *N. tetrasperma mat a* that involve a change to an unpreferred codon to have occurred at higher frequencies, although this difference is not significant at α = 0.05 (one-sided, paired MWU test: *P* = 0.072; [Figure 7B](#fig7){ref-type="fig"}). We also found that substitutions involving a change to a preferred codon have occurred at lower frequencies compared to those in *N. tetrasperma mat A* (one-sided, paired MWU test: *P* = 0.039; [Figure 7B](#fig7){ref-type="fig"}). Together, these results suggest that the *N. tetrasperma mat a* nonrecombining region may be in the early stages of degeneration and are consistent with observations that, within a heterokaryotic *N. tetrasperma* individual, *mat A* nuclei outnumber *mat a* nuclei during growth and early sexual development (H. Johannesson, personal communication).

Suppression of recombination in other systems has often been accompanied by the accumulation of transposable elements. We identified *de novo* repetitive elements as well as those with homology to known fungal elements in both *N. tetrasperma* strains and used a permutation test to determine whether the nonrecombining region is enriched for transposons relative to the rest of the genome. Interestingly, the *mat A* strain has significantly more transposons in the genomic region where recombination is suppressed compared to the rest of the genome (*P* = 0.0004), but the *mat a* strain does not (*P* = 0.30) ([Figure 8](#fig8){ref-type="fig"}).

![The *N. tetrasperma mat A* region of suppressed recombination is enriched for repetitive elements. Repetitive elements were identified *de novo* and on the basis of homology to known elements. Significance was assessed using a permutation test (*P* = 0.0004). Using the same test, the homologous region from *N. tetrasperma mat a* did not have significantly more repetitive elements than *N. crassa* (*P* = 0.30).](55fig8){#fig8}

Discussion {#s21}
==========

In this study we have used two high-quality genome assemblies, representing the nuclei of opposite mating type derived from a single heterokaryotic strain, to discover a series of three inversions within the *N. tetrasperma* region of suppressed recombination. The location of these rearrangements and the collinearity of the chromosome ends are consistent with the cytology, genetic map data, and sequence divergence data from previous studies that have investigated the region of suppressed recombination. The identification of these rearrangements answers the question raised by [@bib37] of the relative influence of structural *vs.* genetic modifiers in maintaining this nonrecombining region: while we show that structural rearrangements encompass most of the nonrecombining region, the *mat a* and *mat A* chromosomes are collinear in the chromosomal region surrounding the *mat* locus ([Figure 3](#fig3){ref-type="fig"}). This region includes the more recent evolutionary stratum identified in [@bib61] (the ∼850-kb *mat* distal block) as well as the *mat* proximal block (the ∼218-kb chromosomal segment between the mating-type locus and the first chromosomal rearrangement). Genetic evidence indicates that this segment is within the nonrecombining region, and the presence of sequence divergence within this region ([Figure 3](#fig3){ref-type="fig"}) implies that it has long remained so, but it is unclear why recombination is suppressed. However, the *mat a* and *mat A* loci do not share sequence homology and, in addition, we found that within each strain, the *mat* locus is flanked by regions that have been subject to Repeat Induced Point mutation (RIP) ([@bib25]).

RIP is a genome-defense mechanism that subjects recently duplicated sequences to numerous G:C to A:T point mutations and is thought to have evolved to suppress the amplification of transposable elements. A side effect of this defense mechanism is the elimination of young, highly similar, gene paralogs ([@bib25]). In the sex chromosomes of mammals and *Drosophila*, intrachromosomal gene conversion between such young duplicates has been hypothesized to play a role in rescuing Y-linked genes from degeneration ([@bib78]; [@bib16]). Because RIP constrains gene duplication, we do not expect a similar phenomenon to be occurring in *N. tetrasperma*.

It is possible that the RIPed regions, together with the idiomorphic mat loci, create islands of sequence divergence that disrupt synapsis in this region and thus cause the suppression of recombination to extend past the distal portion of the *mat* locus. Other nonstructural mechanisms that have been shown to suppress recombination include genetic modifiers such as the *rec* genes of *N. crassa* ([@bib12]), overall high levels of sequence divergence (rather than several discrete islands) ([@bib33]), and DNA methylation ([@bib54]). Additionally, because this region is located at the end of the nonrecombining interval, it may simply be that there have been fluctuations in the exact location of the boundary of the nonrecombining region over evolutionary time. At this time, we are unable to differentiate between these possibilities.

By combining our analysis of the relative timing of the rearrangement events with the analysis of sequence features associated with the boundaries of these events, we have formulated a cohesive model for the structural evolution of the *N. tetrasperma* mating-type chromosome ([Figure 2](#fig2){ref-type="fig"}). On the basis of sequence divergence, the last rearrangement event (a 68-kb inversion) occurred more recently than the first two and therefore represents a second evolutionary stratum. These results, along with those from other fungal phyla ([@bib23]; [@bib34]), suggest that inversion-mediated suppression of recombination on mating chromosomes and the expansion of such nonrecombining regions as discrete strata have occurred independently in many fungal lineages and may be a common property of the evolution of sex in fungi, similar to the sex chromosomes of other taxa ([@bib14]; [@bib22]).

An additional similarity between the *N. tetrasperma* nonrecombining region and the sex chromosomes from other systems is that it may be under reduced purifying selection. The nonrecombining region in the *N. tetrasperma mat A* strain has accumulated an excess of transposons compared to the rest of genome and there is evidence that the *N. tetrasperma mat a* strain may be in the early stages of degeneration ([Figures 6](#fig6){ref-type="fig"}--[8](#fig8){ref-type="fig"}). Our finding that, across the genome, there is a slight but significant tendency for *N. crassa* genes to have a higher CAI value compared to the orthologs in both *N. tetrasperma* mating types ([Table 2](#t2){ref-type="table"}) is consistent with what would be expected given the evidence for extensive selfing within the *N. tetrasperma* heterokaryon. However, this result contrasts with that reported by [@bib93]. In a comparison of genome-wide codon usage between the same *N. tetrasperma mat A* strain we study here and the outcrossing species *N. discreta*, the authors found that *N. tetrasperma* has a higher frequency of optimal codon usage. Whittle *et al.* hypothesize that this result may be due to *N. discreta* having an effective population size that is smaller than that of *N. tetrasperma*, despite the fact that *N. discreta* is not self-fertile. While estimates of effective population size have been inferred for two populations of *N. crassa* ([@bib19]), none exist for *N. discreta*. Further population-level work involving the comparison of effective population size between these three species would shed light on this inconsistency.

It is unclear why we observe an accumulation of transposons only on the *mat A* chromosome. One explanation is that we identified fewer transposons in the *mat a* strain because its genome assembly has a higher proportion of sequence bases in gaps compared to the *mat A* strain ([Table S2](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/5)). It is possible that the additional gaps in the *mat a* assembly are caused by a reduced ability to assemble repetitive elements due to differences in sequence coverage (Sanger *vs.* 454 as well as single end *vs.* paired end; [Table S3](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/6) and [Table S4](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/7)) between the two genome assemblies. Alternatively, we speculate that the additional transposable elements in the *N. tetrasperma mat A* strain could be the result of "genome shock" ([@bib59]): a single burst of activity specific to the *mat A* nucleus due to the release of transposon suppression during the reorganization of the mating-type chromosome. Of course, it is equally plausible that the relative timing of the chromosome reorganization and the transpositions was reversed, such that increased transposon activity enabled the 5.3-Mb inversion that led to self-fertility in *N. tetrasperma*, thereby linking the additional transposon copies to the new chromosome orientation.

Our finding that the *mat a* chromosome is accumulating deleterious alleles at a faster rate than the *mat A* chromosome is also somewhat unexpected and stands in contrast to previous theory ([@bib10]). *N. tetrasperma* individuals can grow as haploid homokaryons that are capable of outcrossing and acting as a maternal or paternal parent. Recessive deleterious alleles would not be sheltered under these conditions and, if *N. tetrasperma* exists often as a homokaryon in nature, there should be selection to maintain both copies of the sex-linked genes. However, there is evidence that outcrossing may be limited in nature ([@bib36]), in which case degeneration would be reasonable because most individuals would not leave their heterokaryotic, sheltered state. Additionally, asymmetric evolution between sex-determining chromosomes, at least with respect to differences in chromosome size, has been observed in other haploid organisms such as the liverwort *Marchantia polymorpha* ([@bib94]) and the fungus *M. violaceum* ([@bib31]). In neither of these systems, unfortunately, have the chromosomes of both mating types been sequenced, making it impossible to determine whether the size difference is due to asymmetric gain or loss (*i.e.*, degeneration) of genetic elements.

While [@bib92] report an asymmetry between the *mat a* and *mat A* chromosomes in terms of the frequency of substitutions to preferred codons in lineage 1 of the *N. tetrasperma* species complex, a different lineage from that studied here, they do not report whether the deviation is statistically significant and a reanalysis of their results shows that it is not (Fisher's exact test: *P* = 0.285; [Table S5](http://www.genetics.org/cgi/data/genetics.111.130690/DC1/8)). Additionally, there does not appear to be a similar asymmetry with respect to nonsynonymous substitutions in lineage 1 ([@bib90]). That we are able to observe such an asymmetry in both nonsynonymous substitutions and codon usage between the sex-linked regions in this *N. tetrasperma* lineage may be due to the larger sample of genes we use here (∼1300 genes from within the nonrecombining region compared to 168 in [@bib90] and 228 in [@bib92]) or to differences between the lineage studied in [@bib90]; [@bib92]) (lineage 1) and that studied here (lineage 6).

Future work comparing the structural rearrangements identified here to the other *N. tetrasperma* lineages would address the hypothesis of independent origins of this region of suppressed recombination and lead to further insight into its evolutionary history. The examination of sequence data from *N. tetrasperma* populations within these lineages would be useful for assessing the effect of reduced recombination on nucleotide diversity. Additionally, allele-specific gene expression experiments would be an ideal approach to determine whether there is evidence that the genes within the *mat A* nonrecombining region are evolving increased expression to compensate for the increase in deleterious substitutions that are occurring within the *mat a* nonrecombining region.
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